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ABSTRACT
A semi-automated technique for measuring grain size was developed which enabled
the reliable measurement of large numbers of grains in polycrystalline thin films for the
purpose of improving the understanding of grain growth in thin film materials. The
method involved the manual enhancement of grain boundary contrast in transmission
electron microscope images which were then digitally analyzed using image analysis
software. Large numbers of grains, down to a grain diameter ofapproximately '1 nm, were
measured with a confidence level of 90% or better.
This technique was applied to the study of grain growth in ultra thin two phase
alloy films (CoPt); in co-deposited alloy and oxide films (CoPt + ZrOx); in single phase,
single element bilayers (Ni/X; X =Ta, Cr, Co, Cu); and in single phase alloy films on a
single component underlayer (NiFe/Ag). Our results showed that grain growth
mechanisms were similar to published results for single component, single layer films in
many respects, but several differences were noted. In particular, inhibitions to grain
growth due to particle or solute drag were very prevalent in the bilayer and co-deposited
films and due to grain boundary grooving in the ultra thin films. Also, mechanisms for the
formation of fiber texturing seemed to differ from models proposed in other studies.
Finally, secondary grain growth, that is, the preferential growth of select special oriented
grains due to lower surface energy, was not observed in any films in our study.
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1. INTRODUCTION
The study of grain growth in crystalline materials is relatively new in the history of
physical metallurgy. It had long been known that certain materials, metals in particular,
were crystalline, that is, composed of extended atomic lattice units of irregular size, shape,
and orientation, before changes in a material's crystalline structure were recognized and
reported. R. Kalisher, in the early 1880's, was the first to notice changes in the 'molecular
structure' of cold-worked zinc during annealing [1]. Since that time, the nature of
microstructure and its evolution during macrostructural formation processes has been
extensively studied, as these changes can affect material properties in important ways.
Volumes have been written about microstructural development, so much so that the
beginning student of Materials Science will be forgiven for thinking there is little left to
discover about grain growth in bulk materials.
The same is not true, however, in the realm of thin films. The processing of thin
films, and the microscopy techniques to study them have been perfected relatively recently,
and extensive studies of thin film microstructure are only now receiving much attention.
The study of grain growth in thin films has made great strides since the early 1980's, yet
there has been little work done on alloy thin films or thin film multilayers. Although grain
growth studies of bulk materials are by no means complete, much more needs to be done
before understanding of grain growth in thin films is on a par with that of bulk materials.
Some of the difficulties in the study of thin films are brought on by the scale of the
material. Since by definition thin films are thin,* grain sizes are proportionately smaller.
Whereas, bulk materials have microstructure on the scale of microns to millimeters, in thin
films grain size is in the range of tens of nanometers or less, prompting some to employ
* As a convenient reference point for this paper, thin films are defined as materials less
than 0.5 microns thick.
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descriptive terms such as "nanocrystalline materials." Until the advent of microscopy
techniques capable of resolving structures on this scale, practical study of grain growth in
thin films was impossible. The development of high resolution microscopy, in particular,
electron microscopy, has been paralleled by advances that have made fabrication of thin
films routine as well. Thus, the tools for characterizing grain structure in thin films are at
hand, and, coupled with modem digital analyzing routines, the ability to quantitatively
study grain growth in thin films is possible.
This work attempts to further the understanding of grain growth in thin films by
quantitatively studying grain growth kinetics in a number of thin film systems.
Specifically, grain growth as a function of temperature and/or time was investigated in:
• CoPt ultra-thin (10 nm) single layer, two phase, alloy films.
• CoPt + ZrOx co-deposited alloy and oxide.
• NilX single component bilayers (X =Ta, Cu, Cr, or Co).
• NiFeiAg single phase alloy on single component layer.
Results were compared with published results of grain growth studies of single
component, single layer thin films.
The techniques used in this study include digital analysis of bright field
transmission electron microscopy (TEM) images, and a detailed description of all
techniques employed, from TEM specimen preparation to the digital processing of the data,
are included in this work. While these techniques are not novel, their application to careful
studies of grain growth in thin films is not common, and the results obtained in this study
are sufficiently detailed to be unique.
3
2. REVIEW
Our review of published literature on grain growth begins with a brief overview of
the phenomenology of polycrystalline grain growth in bulk material, as this is, historically,
where studies of grain growth began. This is followed by a review of grain growth in thin
films, emphasizing the characteristics which are unique to these films.
2.1. General Grain Growth in Metals
Perhaps the earliest description of what could be called a modern theory of grain
growth was put forward by Carpenter and Elam in 1920 [2] who observed grain growth
and recrystallization on cut and polished surfaces of a tin alloy. Although they recognized
that grain growth at a surface was not the same as grain growth in the bulk, their
conclusions were significantly different from investigators who preceded them to still be
noteworthy. Among their observations of grain growth were:
1) Heating to a minimum temperature for a minimum time is necessary for grain
growth.
2) Crystals can grow and be grown into at the same time.
3) A large crystal may grow at the expense of a small one, or a small one at the
expense of a large one. That is, in some cases factors other than absolute grain size
contribute to growth.
4) The relative orientation between two crystals does not affect the growth of one
into the other.
5) Crystal growth takes place by boundary migration, and not by coalescence, that
is, not by the sudden disappearance of a boundary causing the merging of two grains as is
observed in the coalescence of bubbles in soap froth.
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6) Boundary migration is not continuous; the rate may vary, and the direction of
migration may change.
7) The equilibrium crystal size may vary within very wide limits.
Later investigators [1], using the same techniques, confirmed these observations
and contributed the following important additions:
8) A curved grain boundary usually migrates toward its center of curvature.
9) Grains included by angles less than 120· will tend to be consumed so that all
triple junctions approach 120· between edges.
These observations can be summarized in more contemporary language by saying
that grain growth in polycrystalline materials is a thermally activated phenomenon in which
the mean grain size increases as the total number of grains decreases. Grain boundaries
represent defects in a perfect crystal lattice and as such possess excess free energy. Grain
growth can reduce this excess energy by reducing the total number of grains and thereby
reducing the total grain boundary area. The limit of grain growth, however, which is
growth until only a single crystal remains, is almost never reached due to the presence of
other opposing energies. The metastable state which represents a compromise of all forces
present is a polycrystalline morphology with a log-normal grain size distribution. Log-
normal means the distribution of a population is "normal" (i.e., bell shaped) when plotted
on a logarithmic scale.
Since grains grow through the migration of grain boundaries, a relation of grain
boundary velocity to the driving force is a useful starting point for a discussion of grain
growth kinetics. The relation can be written as,
5
V=MP (1)
where V is velocity, P the driving force (sometimes called driving pressure*), and M is
grain boundary mobility [3]. The mobility is most often expressed [4] in the fonn,
(2)
where Mo is a weakly temperature dependent constant, Q is the activation energy for grain
boundary migration and k and T have their usual meaning.
Burke and Turnbull [1] were the first to suggest that the driving force was inversely
related to the grain boundary's radius of curvature by the relation
(3)
and therefore,
(4)
where y is the grain boundary free energy, and q and r2 are the principle orthogonal radii
of curvature of the grain boundary. They then made some assumptions based on simplified
dimensional relationships. The first was that q = r2 = r when the boundary was assumed
to take the shape of a segment of a spherical surface. Second, that r was proportional to the
radius of the grain, R. Third, M was considered to be independent of R such that,
2M K
-r- = R (5)
where K is a constant. It was then an easy matter to relate the rate of change in grain size to
the boundary velocity by
*Expressed in units of free energy per unit volume, Jm-3, or equivalently as a pressure in
units of Nm-2.
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which by integration yields
dR K'y
(h=R (6)
(7)
where Rt is the grain radius after time t, Ro the initial radius, K" is a constant and under
Burke and Turnbull's assumptions n =2.
It has since been shown that n :f. 2 due to topological constraints. These constraints
impart a tendency for grains to develop a uniform size and shape determined by topological
requirements [5]. Topologically stable structures are governed by Euler's equation: F -
E + V = 1 for two dimensions, and F - E + V - C = 1 for three dimensions, where the
variables represent the number of faces (F), edges (E), vertices (V), and cells (C). In two
dimensions, the stable structure is composed of regular hexagons with every vertex a triple
junction with 120· angles between edges. Where these constraints are not met, the edges
become curved to approximate 120· angles at the vertices, resulting in boundary motion
and grain growth or shrinkage. For three dimensions the vertices must all be four-rayed
with tetrahedral angles equal to 109.47", however, no regular polyhedron exists in
Euclidean space which can completely satisfy this requirement. We will not discuss
topology further, but the interested reader is referred to summaries in Atkinson [3] and
Floro [6].
From a more practical point of view for the investigator, the main characteristics of
normal grain growth can easily be described graphically. The effect on polycrystalline
materials, whether bulk, sheet, or thin film, is, first, an overall coarsening of the grains. In
contrast to recrystallization, during which new grains are nucleated thereby reintroducing
grains with a smaller than average size, during normal grain growth the mean grain size
increases while the total number of grains decreases [Fig. 1]. Second, this coarsening is
7
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Figure 1.
size
Schematic drawing of normal grain growth and the associated distribution plots, showing
increase in size with decrease in number. After Thompson [27].
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invariant over time. That is, the overall appearance of grains in the material is self-similar
throughout normal grain growth, the changes only being a matter of scale. Thus, the
distribution of grain sizes, normalized to the mean, does not vary with time. Finally, the
shape of the grain size distribution always follows that of a. log-normal curve and remains
monomodal [6]. This is often the most obvious sign of normal grain growth for the
investigator, and deviations from normal grain growth will often be detectable here.
2.2. Grain Growth in Thin Films
While the general characteristics of grain growth described above apply also to thin
films, there are many factors unique to thin films that affect grain growth. The most
obvious is that of the limitations on grain growth caused by the finite thickness of the film.
When grains grow large enough to intersect the film surfaces they attain a columnar shape
and three dimensional growth is restricted. Any further growth is limited to two
dimensions in the plane of the film. While normal grain growth may continue even after
grains have attained this columnar shape, the large areas of "free surface" can greatly affect
growth. We will now consider some of the featl!res of grain growth unique to thin films.
2.2.1. Grain Growth During Deposition
While bulk and sheet metals are formed through an extensive process of casting,
working, annealing, and reworking, films are frequently formed by vaporizing a target
material by physical means and depositing the vapor on a substrate. The clustering,
nucleation, and coalescence of the atoms of the vapor onto the substrate is complex and
highly dependent on the material and deposition conditions. Parameters such as vaporizing
method, type of atmosphere, pressure, and substrate temperature must be accounted for
when optimizing conditions for the desired end product [7]. While a discussion of these
details in beyond the scope of this paper [8], it is important to note that various
9
characteristic microstructures develop which are evidence of grain growth during
deposition.
Of the many parameters which affect the deposition process, it is substrate
temperature which is the dominant factor controlling as-deposited microstructure. A
classification scheme put forward by Movchen and Demchisin [9] divided as-deposited
grain structures into three regimes based on substrate temperature, Ts, and expressed as a
fraction of melting temperature, Tm. In Zone I, with Ts less than O.3Tm, grains are
equiaxed and have a mean diameter much less than film thickness [Fig. 2a]. In Zone II,
with Ts between O.3Tm and O.5Tm, grains are columnar through the film thickness, but the
mean grain size is less than the film thickness [Fig. 2c], and in Zone III, Ts > O.5Tm,
grains are columnar, but the mean grain size is greater than the film thickness [Fig. 2d].
Later, Thornton [10] added a transition zone, Zone T, between Zones I and II, where
grains are equiaxed and smaller than the film thickness, but the grain size distribution is bi-
modal [Fig 2b]. Thornton showed that the effects of the individual physical processes of
surface shadowing, surface diffusion, bulk diffusion, and desorption were interrelated, and
combined them in a single representative figure [Fig. 3]. While his work was done on
thick film coatings, the principles apply to thin films as well.
Bi-modality exists in Zone T because of differences in boundary mobility from
grain to grain. We have stated that boundary mobility is weakly temperature dependent
(eq. 2), and this difference becomes important in the deposition process. At low Ts, that
is, in Zone I, nearly all boundaries are equally immobile, but as Ts is increased, certain
grain boundaries become mobile before others due to anisotropic grain boundary
mobilities. This causes some grains to grow more rapidly than the rest, resulting in a bi-
modal grain size. At high enough Ts (Zones II and lID nearly all boundaries are mobile,
and normal grain growth occurs [11]. Thus, both normal and abnormal grain growth can
occur during the deposition process.
10
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Figure 2.
Schematic cross-section drawing of grain structure after deposition: a) Zone I, equiaxed, d
- -
< h; b) Zone T, bi-modal grain size; c) Zone II, columnar, d < h; d) Zone III, columnar, d
> h. After Smith et aL. [11].
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Figure 3.
Schematic representation showing the superposition of physical processes that establishes
structural zones. After Thornton [10].
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2.2.2. Nor:mal Grain Growth
After deposition, grain growth in thin films can be initiated by heating with the rate
of growth dependent on temperature and time, and affected by other factors such as
annealing atmosphere. If the deposited state is non-columnar equiaxed, that is, the mean
-grain size, d, is less than the film thickness, h, then nonnal three dimensional growth can
occur. If the grains are columnar after deposition, growth will be limited to two
dimensions in the plane of the film, but may still follow the characteristics of normal grain
-
growth. It has been frequently observed, in both sheets and thin films, that when d
reaches or is slightly larger than h grain growth stops or stagnates, as will be discussed
below. If at a later time the forces causing stagnation are overcome, normal grain growth
-
may resume until d »h. From a purely thermodynamic point of view grain growth can
continue until the material is entirely made up of one crystal, but the barriers are simply too
great for that to ever occur in practice.
2.2.3. Abnormal Grain Growth
In broad terms, abnormal grain growth is any growth that is not normal. More
specifically, it is any growth which interrupts the continuous, monomodal, time-invariant
character of nonnal grain growth. This can include abnonnally slow growth, such as when
boundaries are pinned by impurities; no growth, such as results from the thickness effect;
and abnormally fast growth, as in secondary grain growth. Each of these cases will be
considered below.
2.2.3.1. Solute Drag
It has long been noted that the presence of solute atoms in grain boundaries affects
grain boundary mobility and, thereby, grain growth [12]. Solute atoms tend to segregate at
13
"grain boundaries in many systems, and if their diffusion rate in the lattice is slower than the
host atoms they will exert a slowing force, or drag, on boundary migration. In effect, the
mobility of the boundary reduces to the sum of the intrinsic mobility of the interface and the
mobility of the solute atoms in the lattice. Solute drag has the strongest effect on retarding
boundary mobility at relatively low driving pressures, as higher pressures can overcome
the drag effect with the boundary "breaking away" from the solute atoms leaving them
behind in the lattice. Cahn [13] and Lucke and Stuwe [14], working independently,
developed theories to describe solute drag for both high and low driving forces, and these
are reviewed by Simpson et al. [15] and Sutton and Balluffi [16].
While this effect is not limited to thin films, in thin films the presence of an
extended boundary with a substrate can increase the probability of diffusion of a foreign
phase into the film, especially at grain boundaries. Thus, while in bulk materials, the
purity of the matrix itself controls the amount of solute that affects grain growth, in thin
films an otherwise pristine material can be contaminated from a source that shares what
amounts to an infinitely large boundary. While substrates with low or no solubility with
the fIlm are routinely used to prevent this, often, as in the case of multilayers, interdiffusion
cannot be prevented.
2.2.3.2 Particles/Interpenetrating Dual Phases
Another phenomenon which has been known for many years and has been
exploited for the purpose of inhibiting grain growth is the effect caused by dispersed
particles or interpenetrating phases. Discrete particles can pin grain boundaries, and by
their relative immobility slow or prevent boundary migration. The boundary is pinned
since it must increase in area to move past the particle, which is energetically unfavorable
[17]. Even a relatively small number of particles can effectively prevent grain growth.
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The classical model o~particle pinning, due to Zener [18], described the retarding
force of a single particle on a grain boundary as
F = 21tr( cosS sinS (8)
where r is the particle radius, y the boundary free energy and S the angle between the grain
boundary surface and the plane of intersection with the particle [Fig. 4]. Zener assumed
that the particle exerted a maximum force on the boundary, Fm, when S=45", thus
Fm = 1tr(. (9)
The total pinning effect on a grain boundary is equal to Fm times the number of particles
per unit grain boundary area. When the total pining force is equal to the driving force, P
(eq. 3), grain growth stops, and by solving this equality, Zener calculated the limiting grain
size due to particle pinning. Expressed in terms of R, the grain radius, the limiting grain
size, RL, is given by the well known Zener equation,
(10)
where f is the particle volume fraction.
Dual-phase interpenetrating microstructures are even more effective in inhibiting
grain growth as the grains of the host phase are completely surrounded by a second phase.
Grain growth is limited both by the increased path length that atoms must travel to diffuse
to the growing grain froIl?- the consumed grain, and by the limited diffusivity of the atoms
through the second phase [19].
2.2.3.3. Thickness Effect
The phenomenon of grain growth stopping when grain diameter equals or slightly
exceeds the film thickness was first reported by Beck et ai. in 1948 [20], who observed
this effect in rolled sheets of AI. This behavior was named the "thickness effect" and has
15
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Figure 4.
Schematic drawing of single particle pinning a grain boundary segment. After Smith [18].
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been observed in thin films as well. The seminal idea reported by Beck was further
expanded by Mullins in 1958 [21].
Mullins' approach, based on the Gibbs-Thompson formula relating curvature to
chemical potential, was to assume that surface diffusion was the mechanism for the
formation of grooves at the free surface. These grooves "pin" the grain boundaries and
prevent grain growth when the angle between the boundaries and surface normal is less
than a certain critical angle, 8c. Using an idealized drawing [Fig. 5b], Mullins considered
the groove as a rigid notch in a fixed position. A grain boundary approaching at an angle
8gb ~ 8c will be "caught" by the groove as the grain boundary will have to increase its
length (and therefore its energy) in order to escape. As the boundary is pinned, it bulges
inward taking on a stable catenoid shape [Fig. 5c]. The principle orthogonal radii of
curvature, being equal in magnitude but opposite in sign, will cause the driving pressure,
P, to vanish (eq. 3) over the entire catenoid boundary, resulting in zero boundary velocity
(eq. 1). Mullins went on in a more rigorous manner describing a dynamical model, but this
will not be considered here. This model has been recently revisited and refined [22].
Stagnation has been experimentally observed in many single component, single
layer thin films when the mean grain size obtained the range of 2 to 4 times the film
thickness. This has been quantified and reported for thin films of Ge [23], Al [24], Si
[25], and Au [26]. The stagnation mechanism that has been suggested in each case is that
of grain boundary pinning at surface grooves, as described by Mullins.
2.2.3.4. Secondary Grain Growth
Secondary grain growth in thin films has been observed [23-26], modeled [27-30],
and discussed [6, 31, 32] in recent years. The theory of secondary grain growth is based
on observations that subsequent to stagnation due to the thickness effect a small fraction of
the grains grow abnormally fast, to sizes much larger than the mean, while the majority of
17
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Figure 5.
a) Profile of stationary surface groove at a grain boundary. b) Idealized schematic drawing
of grain boundary pinned at a groove. c) Catenoid surfa~e of pinned grain. d) Section of
film showing two concentric grains. After Mullins [21].
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grains remain stagnant. A pronounced bimodality develops in the grain size distribution
[Fig. 6], which is often the experimentalist's first sign of secondary grain growth. In
addition, the fast growing grains often exhibit a common crystallographic orientation,
suggesting that certain orientations have a lower surface energy which gives a significant
growth advantage to some grains. This Surface-Energy-Driven-Secondary-Grain-
Growth (SEDSGG) [27] normally favors grains in which the close-packed planes are
parallel to the plane of the film. Should SEDSGG continue until only the large, similarly
oriented grains remain, the result is a fully fiber textured film (that is, a common orientation
-
out of the plane of the film, but random orientation in the plane) with d much larger than
-
the film thickness. At this point normal, monomodal grain growth may resume or growth
can again stagnate.
While this description of secondary grain growth is given in terms of a strict
sequential pattern of normal -> stagnation -> secondary -> normal, with the
crystallographic orientation of grains changing from random to fiber textured, this is not the
only mechanism for texturing. In fact, fiber texturing in thin films can and does take place
during deposition, during normal grain growth, or in other stages without any stagnation
period ever being observed. For example, FCC metals often develop a {Ill} texture, that
is, the close-packed planes are in the plane of the film, during deposition, and has even
been observed to develop during room temperature "annealing" [33]. This may be due to
large stored energy in the grain boundaries [34] or stored energy combined with non-
equilibrium grain boundary mobility [35]. In this regard, studies of bulk "superpure"
(99.999% purity) Ni have also observed grain growth characterized by a few grains
growing to large sizes which cannot be attributed to particle or impurity inhibition. Instead,
anisotropic grain boundary mobilities appear to provide the driving force for these
anomalous growth patterns [36]. This would suggest that the driving force which causes
19
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Figure 6.
Schematic drawing of abnormal grain growth, showing development ofbimodal grain size
distribution, which returns to normal distribution after impingement. After Thompson [27].
20 I
'"
low energy orientations to predominate is large and does not necessarily require normal
grain growth forces to fIrst be inhibited.
We have yet to mention the effects of epitaxy on texture formation, and the
interested reader is pointed to the works of Floro [6] and Thompson [37] for more
information. It is suffIcient for our purposes to point out that epitaxial relationships
between film and substrate may greatly increase the possibility of epitaxial texture, which is
a common orientation both in and out of the plane. This was not observed in any of the
films studied in this work.
\
(
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3. EXPERIMENTAL
3.1. Fabrication
Specimens were provided from many sources and were diverse in material, film
thickness, and layering. The fabrication method and annealing-conditions also varied from
specimen to specimen. IBM Systems Storage Division, San Jose, CA provided the CoPt
and CoPt + zrOx samples. The University of Texas at Austin provided the NilCu, NilCr,
NilCo and NiFeiAg samples. IBM Almaden Research Center, San Jose, CA provided the
Niffa samples. All annealing was done by the sample providers.
3.1.1. CoPt and CoPt + ZrOx
A single layer of 10 nm CoPt was DC magnetron sputtered from COO.5PtO.5 targets
in a 3 mTorr Ar + 4% H2 atmosphere onto room temperature Si wafers with a thermally
grown Si02 layer. The CoPt + ZrOx samples were fabricated by co-sputtering yttria-
stabilized-zirconia with the CoPt. Annealing was done in a quartz lamp furnace with a
flowing gas atmosphere of Ar + 4% H2 at fixed temperatures for 10 or 20 minutes.
3.1.2. Ni/Ta
Bilayers of 180 nm Ni on 90 nm Ta were sputter deposited onto fused quartz
substrates at room temperature. They were annealed in a high purity He atmosphere
furnace at 400· C for OJ, 1, 3, and 9 hours.
3.1.3. Ni/Cu, Ni/Cr, Ni/Co
Bilayer films were prepared by ultra high vacuum electron beam evaporation,
except for Cr which was resistively evaporated. The films were deposited on 70 nm of
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thermally grown Si02 on single crystal Si (100) substrates at a rate of 0.02 nm/sec. The
Cu, Cr, and Co underlayers were 10 nm and the Ni 100 nm thick. Annealing was done for
I hour (Ni/Cu), 5.5 hours (Ni/Cr), and 19 hours (Nil Co) at 4000 C.
3.1.4. NiFe/Ag
Bilayers of 25 nm NiFe on 10 nm Ag were magnetron sputtered in an atmosphere
of Ar + 4% H2 at a pressure of 3 mTorr onto 70 nm thermally grown Si02 on Si (100)
wafers at ambient temperatures. Annealing was done at 450 0 C for 18 hours.
3.2. TEM Specimen Preparation
3.2.1. Chemical Etching
TEM specimens were prepared by one of several methods for this study. Most
commonly used was "back-etching" with a chemical etchant. The samples received were
portions of 3" diameter Si wafers on which the films had been deposited. They were
prepared by scribing the back side of the wafer with a tungsten scribe and breaking into -2
mm square pieces. These were glued film side down to 3 mm copper TEM support grids
with a I mm hole with M-Bond 610 adhesive [38]. The M-Bond was allowed to cure at
room temperature for several days.
The specimens were individually mounted on glass slides by heating the slides on a
hot plate and then coating the slides with bees wax. The specimens were set into the hot
wax, and then covered with a generous drop of melted wax. A small hole ( -I mm ) was
made in the wax to expose the portion of the Si wafer located directly over the grid hole.
Care was taken to ensure that the wax was completely removed from the specimen surface
•
and that the hole sides were formed into a gradual taper to prevent drops of etchant or rinse
from adhering to the sides of the hole.
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Two etchants were used to remove the Si: A Fast Etch of 3 parts HF: 5 parts
HN03: 3 parts CH3COOH, and a Slow Etch of 2 parts HF: 15 parts HN03: 5 parts
CH3COOH [39]. Various volumes of etchant were prepared depending on the number of
specimens being etched. The slides (as many as eight at a time, although four at a time was
found to be the most efficient) were placed in the Fast Etch and gently agitated for 3
minutes. The etch was stopped by placing the slides in H20. The wax was removed from
the top surface of each specimen with a razor blade, again, using care that the top surface
was free of wax and no wax was pushed into the etched hole. The slides were placed back
into the Fast Etch for 7 minutes more and then rinsed in an H20 bath. It should be noted
that the time required for this step in the etching was highly dependent on Si substrate
thickness, with approximately one minute in fast etch for each 50 microns of substrate
thickness as a guide.
The slides were placed in the slow etch for 8 minutes, then rinsed and visually
inspected. Etching continued with rinse and inspection every minute after that. Inspection
was often made under a binocular microscope. As soon as the film layer became apparent,
or when the Si layer was seen to transmit a reddish color, the specimen was etched at 15 to
30 second intervals between inspections under the microscope. Total time in the slow etch
varied greatly from run to run and even varied a~specimens in a single run. The
shortest time being around 10 minutes and the longest as much as 40 minutes, with most
taking 20 to 25 minutes.
The completed specimens were released from the wax by placing in a beaker of
isopropyl alcohol and heating on a hot plate, nominally to 700 C. It was found best to
remove the specimen while the alcohol was quite hot, and in some cases the heating was
repeated to ensure the specimen was clean of wax.
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3.2.2. Mechanical Thinning
For films deposited on other than Si substrates, specimen preparation was done by
mechanical and ion-beam thinning. These specimens were mounted film side down to the
glass stub of a tripod polisher [40] with Krazy Glue (cyanoacrylate adhesive). The
substrate was removed by mechanically polishing on a motorized polishing wheel with 600
grit silicon carbide lapping disks until -50 11m thick. Thinning the specimen was continued
by hand using silicon carbide paper disks on a cleaned glass plate (12" x 12"). Beginning
with 12 11m grit, 50 11m was removed, 25 11m at a time. Using 5 11m grit, 30 11m was
removed, 10 11m at a time. 3 11m grit removed -10 11m , 5 11m at a time, and 1 11m grit was
used until the specimen was < 5 11m thick. Specimen thickness was estimated by viewing
in an inverted light optical microscope with a graduated focusing knob by noting the
difference in the units on the knob when focused alternately on the surface of the specimen
and on the surface of the glass stub. The specimen was then milled in a Gatan Ar-ion beam
thinner until a hole appeared.
3.3. Study Techniques
All electron microscopy studies were conducted on a Philips EM 400T TEM/STEM
with a LINK EDS system. Grain size measurements were made from plan view bright
field (BF) transmission electron microscopy (TEM) images. For the thicker bilayer
specimens (e.g. NitTa) energy dispersive x-ray spectroscopy (EDS) was used to
qualitatively determine that the underlayer (e.g. Ta) had been removed during specimen
preparation and only the layer of interest remained before BF images were made. For the
specimens with thin underlayers (e.g. 10 nm eu) the contrast in the BF image was
assumed to be due only to the thicker layer of interest (e.g., Ni).
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To determine crystallographic orientation/texturing, selected area electron diffraction
(SADP) and microdiffraction were used. Cross-sectional TEM (XTEM) was used in one
instance (Ni/Cr) to confIrm that the small features visible in the BF images were due to
contrast generated by the Cr layer, and not a new phase.
3.4. Grain. Size Measurements
Grain size measurements were made from BF TEM images using a LECO 2001
Image Analyzing System [41]. A hand-traced, high-contrast image with grain boundaries
as black lines on a white background was created and entered into the image analyzer via a
video camera. It was necessary to create the composite image by hand since diffraction
contrast, due to near-Bragg-angle scattering in TEM, causes very complex variations in the
image. An example is shown in the BF TEM image in Figure 7. No digital system
currently exists that is capable of identifying boundaries between grains in such images.
In order to ensure correct interpretation of the BF images by the experimentalist,
several images were taken of a single region in a given specimen while varying the
specimen holder tilt angle 2 or 3 degrees between images. This changed the Bragg
diffraction conditions suffIciently to allow many grains to change from bright to dark
contrast. By comparing these images, grain boundaries not visible in one image were often
in high contrast in another [Fig. 8]. It was found that 3 or 4 images of each region done in
this manner gave suffIcient information to make all grain boundaries visible.
The tilt angle was kept small, with a maximum deflection from zero of 6 degrees, in
order to limit the distortion of the grains due to foreshortening. The normal procedure was
to use the zero degree tilt image as the basis, tracing all the unambiguous boundaries onto
transparent sheets. Then the tracing was placed over the next image in the series, and
existing trace lines were confirmed and new ones added. Criterion for making consistent
judgments as to where to trace the lines were developed as follows:
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Figure 7.
Bright field TEM micrograph of CoPt 10 nm thin film, 700°C 20 minute anneal. Bar
equals 100 nm.
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Figure 7.
Bright field TEM micrograph of CoPt 10 nm thin film, 700'C 20 minute-anneal. Bar
equals 100 nm.
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Figure 8.
Bright field TEM images of identical region of CoPt 10 nm thin film with specimen holder
tilted 3· between micrographs. Arrows point out some grain boundaries. Bar equals 100
nm.
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Figure 8.
Bright field TEM images of identical region of CoPt 10 nm thin film with specimen holder
tilted 3' between micrographs. Arrows point out some grain boundaries. Bar equals 100
nm.
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• Bright and dark contrast could be found in single grains. In some cases this was
due to 'bend contours.' In CoPt, ordered Llo and disordered FCC phases coexist in single
grains and may diffract differently giving rise to band-like contrast variations within a
gram.
• Twin bands were contained entirely within a single grain. They were not
considered grain boundaries, but terminated at grain boundaries or within grains.
• Antiphase boundaries (APB), where present, did not form grain boundaries but
terminated at grain boundaries or other APB.
• Straight line segments were almost always considered twin bands, not grain
boundaries.
• In ambiguous cases grain boundaries were drawn only if 2 images agreed on the
location.
The composite tracings were digitized via a video camera that was part of the LECO
system. The routine employed by the system to obtain grain size was Feret averaging,
which measured the distance between two parallel tangents drawn on opposite sides of a
grain [Fig 9]. Seven of these length measurements at seven different orientations were
automatically made and averaged on each grain, giving the Feret average. The number of
grains counted varied from sample to sample, with as few as 200 and as many as 2000
counted. All grain size dimensions given are for in-plane diameters, unless otherwise
noted.
The data from the LECO were transferred to a computational program [42] for
statistical analysis, although such analysis can be done by the LECO. A variety of
statistical determinations were made, with the mean, maximum and minimum grain size
being the most important. In addition, distribution plots in the form of histograms and log-
normal plots normalized to the mean were generated.
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Figure 9.
Schematic drawing of an isolated grain, showing method for obtaining Feret average grain
size. Distance between parallel tangents drawn at seven different orientations is averaged.
Single orientation shown.
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The confidence level of the measurements was dependent mainly on the errors made
by the experimentalist in tracing the grain boundaries. The systel!1atic errors in the image
analyzer, or due to electron microscope calibration, fIlm shrinkage, etc., were considered to
be small in comparison. Random errors in tracing lines that were not true boundaries or
missing boundaries that were not seen was estimated to be less than 5%, and as they were
random, the effect was negligible. The traced line thickness, made as small as practicable,
was measured to be a great as 10% of the mean grain size in some cases. Thus, this factor
alone accounts for nearly all of the measurable error, limiting confidence to 90% or better.
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4. RESULTS AND DISCUSSION
4.1. CoPt
The 10 nm CoPt single layer samples of near equiatomic composition were
annealed at fixed times of 10 or 20 minutes at various temperatures in the range of 550° _
700° C. The initial as-deposited mean grain size was 5 nm, which increased after 10
minutes of annealing to 26 nm at 550°, 28 nm at 600°, 41 nm at 650°, and 53 nm at 700°
C. Typical grain size appearance is shown in the BF TEM images in Figure 10. The 20
minute anneals showed only slightly larger grain size for most anneal temperatures [Fig.
11]. Additional anneals were done for 20 minutes at 560°,570°,580°, and 590° C and the
range of grain sizes for these and the other temperatures appears in Table 1. Grain size
distributions for all CoPt anneals remained monomodal and log-normal, examples of which
appear in Figures 12 and 13.
SADP showed superlattice rings which were identified as Llo ordered reflections,
revealing that the material progressed through a disordered to ordered transition during
annealing [Fig. 14]. Dark field TEM images showed small grains of the ordered phase at
550° C and larger areas of ordered phase within FCC grains at 700° C [Fig. 15]. Grains
with ordered phase present also show disordered phase remaining even at 700° C, and
mean ordered domain size was smaller than mean grain size for all anneal temperatures
[Fig. 11].
SADP also revealed a preferred <111) fiber texturing developing at 550° C and
increasing to near full texturing at 700° C. This was qualitatively determined by examining
the SADP at _0° tilt angle in which the allowed {Ill} ring was nearly entirely missing
[Fig. 16]. This could only be due to nearly all of the grains having their {Ill} planes
32
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Figure 10.
Bright field TEM images of CoPt 10 nm thin films as-deposited, and 550· C, 650· C, and
700· C 20 minute anneals
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Figure 10.
Bright field TEM images of CoPt 10 nm thin films as-deposited, and 5500 C, 650 0 C, and
700 0 C 20 minute anneals
33
&- - ~
. .. .
..:.:. :.:.: .... .--.
.. grain size 20 min
- 0- grain size 10 min
. •. ordered size 20 min
. - ..+... ordered size 10 min /"
750700
..
/"
650
... ., ....
• : .. +_ •.
600550
70
60
SO
.-
S
='-" 40
Cl.I
N
.-
rJ)
= 30~
Cl.I
::;
20
10
0
500
Temperature (OC)
Figure 11.
Mean grain size and mean ordered domain size as function of anneal temperature for CoPt
10 and 20 minute anneals.
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TABLE 1.
CoPt 10 nm thin film grain size distribution after 20 minute anneal.
anneal mean grain size miniml;lm grain maxim~m grain number of
temperature SIZe SIZe grains counted
as-deposited 5nm 0.8 nm 11 nm 668
·550· C 27nm 2nm 150nm 1668
560· C 27nm 2nm 155 nm 1580
570· C 23nm Inm 149nm 1688
580· C 18 nm 2nm 150nm 758
590· C 28nm 2nm 148 nm 613
600· C 27nm 2nm 165nm 1166
650· C 44nm 3nm 203nm 637
700· C 55nm 2nm 231 nm 877
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Figure 12.
Log of grain size nonnalized to the mean grain size for four anneal temperatures for CoPt
. 10 nm thin films.
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Figure 13.
Log-normal histogram plots of grain size distribution for four anneal temperatures for CoPt
10 nm thin films.
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Figure 14.
Selected area diffraction patterns of CoPt 10 nm thin films a) as-deposited and b) 700· C
20 minute anneal showing development of Ll0 ordered superlattice reflections.
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Figure 14.
Selected area diffraction patterns of CoPt 10 nm thin films a) as-deposited and b) 700' C
20 minute anneal showing development of Llo ordered superlattice reflections.
38
Figure 15.
Conical scan dark field TEM images using (110) reflection of CoPt A) 550· C and B) 700·
C 20 minute anneals. Bar equals 100 nm.
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Figure IS.
Conical scan dark field TEM images using (110) retlection of CoPt A) SSO" C and B) 700"
C 20 minute anneals. Bar equals 100 nm.
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Figure 16.
Selected area diffraction pattern 0f CoPt 10 nm thin film 700·C 20 minute anneal at a) zero
degree tilt and b) - 35· tilt showing <111) fiber texturing.
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Figure 16.
Selected area diffraction pattem of CoPt 10 nm thin film 700'C 20 minute anneal at a) zero
degree tilt and b) - 35' tilt showing <Ill) fiber texturing.
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lying in the plane of the film and perpendicular to the electron beam direction. Thus, the
(111) orientation was normal to the film, fonning fiber texturing of nearly all of the grains.
These data suggest that early in the annealing « 10 minutes) grain growth
encountered stagnation at a mean grain size of 2.7 times the film thickness, h. This is
attested to by the similar grain sizes in the 550' - 600' range (that the grain size of the 570'
and 580' anneals deviate from the others significantly may be due to some impurity in the
films inhibiting grain growth during the annealing process.) It was assumed that grain
boundary grooving, or the "thickness effect," was the mechanism for stagnation in these
films. This is completely consistent with the data reported for single component thin films
[23-26] where stagnation was observed when the mean grain size was in the range of 2-4
times h.
For the higher temperature anneals (650' and 700' C) grain growth continued
beyond the stagnation point for both 10 and 20 minute anneals. Nearly complete fiber
texturing developed, but the grain size distribution remained monomodal and some very
small grains resisted being completely consumed leading to a large distribution in grain size
(a minimum of 2 nm to a maximum of 230 nm for the 700' C 20 minute anneal.) This
deviates significantly from the reported SEDSGG model (see section 2.2.3.4 above), in
which a few grains grow significantly larger than the mean due to their lower energy
orientation, leading to a bi-modal grain size distribution.
Observations of grain growth in 30 nm thick Ge films [23] showed many
similarities with our results: initial grain size was less than film thickness; normal grain
-
growth progressed until a columnar grain structure developed; d was 2.5 times h when
growth stagnated; the grain size distribution was log-normal at stagnation. Subsequent
growth, however, was observed to be abnormal, with a bi-modal grain size distribution
resulting from a few grains growing rapidly, while the smaller ones were consumed. This
was attributed to the high driving force due to surface energy anisotropy.
41
While the observed results for CoPt are inconsistent with this model for secondary
grain growth, the actual mechanism for the persistence of small grains and the normal
growth distribution is unclear. It is possible that fiber texturing had already progressed to a
point where the majority of grains were textured and since most grains shared the lower
energy orientation, there would be no growth advantage possessed by only a few.
Growth, therefore, could only continue under the "rules" of normal grain growth.
Alternatively, it is possible that the presence of both ordered and disordered phases in
single grains could somehow modify grain growth. A third mechanism, possibly related to
the persistence of the small grains, is that many small grains were observed to contain
stacking faults, which may have prevented the grains from being entirely consumed.
4.2. CoPt + ZrOx
J
In these films, CoPt was co-sputtered with yttria stabilized zirconia for the
expressed purpose of inhibiting grain growth. CoPt has important applications as magnetic
recording media where large grains and wide grain size distributions have undesirable
effects on the recording signal-to-noise ratio [43, 44]. High magnetic coercivity develops);,
when CoPt is annealed, making it a promising candidate for high density recording media
[45], however, annealing, as we have seen, also increases grain size.
The results clearly show the inhibition of grain growth due to the interpenetrating
microstructure of the two phases, visible in the TEM micrographs [Fig. 17]. The mean
grain size increased from - 3 nm in the as-deposited film to < 10 nm in all the annealed
films [Table 2]. This was expected and was completely consistent with results from other
applications of interpenetrating microstructures [46]. The non-monotonic change in grain
size with annealing time was most likely due to measurement and counting errors as all
grains in a particular TEM image were not measured, but only the most obvious ones.
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Figure 17.
Bright field TEM images of CoPt + zrOx 10 nm thin film for a) as-deposited and b)
annealed at 700· C for 20 minutes. Bar equals 100 nm.
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Figure 17.
Bright field TEM images of CoPt + ZrOx 10 nm thin film for a) as-deposited and b)
annealed at 700 0 C for 20 minutes. Bar equals 100 nm.
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TABLE 2.
CoPt + ZrOx 10 nm thin film grain size distribution.
anneal time! mean gram size mmlm~mgram maxim~m grain number of
temperature SIZe SIZe grains counted
700· C 10 min 6nm 0.6nm 13 nm 262
700· C 20 min 4nm 0.6nm 11 nm 1143
700· C 40 min 5nm 0.6 nm 15 nm 502
700· C 80 min 5nm 0.6nm 12nm 287
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4.3. Ni
The 180 nm Ni deposited on Ta samples were isothermally annealed at 400· C for
20 minutes, 1, 3, and 9 hours. The samples annealed for 20 minutes showed an increase
in mean grain size from the as-deposited size of 29 nm to 145 nm. Since these films were
thicker than the CoPt films (180 nm vs. 10 nm), larger mean grain sizes were expected.
With increasing time, however, the rate of grain growth was markedly slower, with mean
grain size equal to 156 nm for 1 hour, 159 nm for 3 hours and 171 nm for 9 hours [Fig.
18]. The SADP showed significant amount of, but not complete, fiber texturing in each
annealed sample. An example at 9 hours anneal is shown is Figure 19. The plane normal
of the textured grains was determined to be near (112), with the d 11> direction inclined
- 20· out-of-plane.
As d « h for the as-deposited sample and the mean grain size for 9 hour anneal was
just approaching the film thickness, it was assumed that three dimensional growth occurred
throughout this annealing period. Indeed, the qualitative appearance of the BF images
showed revealin~ differences. Even at the low tilt angles used in each BF series, in the 1
hour annealed sample significant distortion of grains and shifting in their relative positions
was evident when tilted, and many grains appear to overlap each other. In the 3 hour
annealed sample, the amount of distortion and overlap was visibly less, and in the 9 hour
sample it was almost completely absent [Fig. 20]. This is suggestive that the grains grew
significantly in the film normal direction, with a nearly complete columnar structure
forming after 9 hours of annealing. The lack of contrast in some grains in the TEM image
is also indicative that the grain is through the thickness of the films.
As to the apparent slowing of the rate of grain growth-the grains reach - 85 %of
their 9 hour size after the first 20 minutes of growth-it has been noted in a concurrent
studythatTa rapidly diffuses through Ni, especially at the grain boundaries [47]. While
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Figure 18.
Mean grain size of Ni as function of anneal time for NilTa samples annealed at 400°C.
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Figure 19.
Selected area diffraction pattern for Ni from Niffa 400° C 9 hour anneal showing a) <112>
fiber texturing at _0° tilt angle and b) a <111>ZAP at -20° tilt.
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Figure 19.
Selected area di ffraction pattern for Ni from NifTa 400" C 9 hour anneal showing a) (112)
tiber texturing at _0" tilt angle and b) a (III) ZAP at -20" tilt.
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Figure 20.
Bright field TEM images of Ni layer in NilTa samples showing progressive decrease in
grain overlapping. Annealed at 400· C for a) 1 hour, b) 3 hours, and c) 9 hours.
Bar equals 100 nm.
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Figure 20.
Bright field TEM images of Ni layer in Nirra samples showing progressive decrease in
grain overlapping. Annealed at 400 0 C for a) 1 hour, b) 3 hours, and c) 9 hours.
Bar equals 100 nm.
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only trace amounts of Ta were detected by EDS, and none noted from the SADP, more
sensitive techniques (i.e. Rutherford Backscattering Spectroscopy) have shown [47] that it
is present on the top surface of Ni and at the grain boundaries after annealing. It is
possible, therefore, that trace amounts of Ta in the grain boundaries were responsible for
slowing the Ni grain growth through the mechanism of solute drag. Grain boundary
-
grooving was not thought to have had any significant effect on grain growth, as d had not
yet attained to h after 9 hours of annealing.
The 100 nm Ni deposited on 10 nm Cu sample showed an increase in mean grain
-
size from the as-deposited d of 31 nm to 53 nm after 1 hour anneal [Fig. 21] as listed in
Table 3. Diffusion of Cu through Ni has been noted and measured in another concurrent
study [48], and it is possible that grain growth was again inhibited by solute drag, but as
only one annealed sample was studied it is difficult to make any conclusions about the rate
of grain growth in this case.
For the Ni on Cr and Ni on Co samples, significant deviations from normal grain
growth were observed. The initial as-deposited samples showed a clear bimodality in the
Ni layer with large grains of mean grain size of 120 nm (for Ni/Cr) in a field of numerous
small grains with mean grain size of 20 nm [Fig. 22]. For NilCo the range was even wider
for the as-deposited film, with the large grains having a mean size of 650 nm in a field of
grains with mean size of 25 nm [Fig. 23].
After 5.5 hours of annealing, appreciable growth had taken place as the Ni/Cr had a
Ni mean size of271 nm. The NilCo showed a much slower growth rate with a mean size
- -
of only 138 nm after a 19 hour anneal. Since d was less than two times h for NilCr and d
< h for NilCo at the end of their respective annealing times, the conditions typically
observed preceding the onset of secondary grain growth had not been met, and therefore
secondary growth probably did not take place in these films.
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TABLE 3.
Grain size distributions of Ni 100 nm thin films on various underlayers.
underlayer mean grain size minim~m grain . .maxImum gram
SIZe size
as-deposited Cu 32nm 9nm 74nm
annealed Cu 53nm 22nm 99nm
as-deposited Cr 38nm 2nm 232nm
annealed Cr 271 nm 74nm 944nm
as-deposited Co 29nm 7nm 758nm
annealed Co 138nm 9nm 621 nm
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Figure 21.
Bright field TEM images of 100 nm Ni on 10 nm eu a) as-deposited, and b) annealed 1
hour at 400· C. Bar equals 100 nm.
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Figure 21.
Bright field TEM images of 100 nm Ni on 10 nm eu a) as-deposited, and b) annealed 1
hour at 400· C. Bar equals 100 nm.
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Figure 22.
Bright field TEM images of 100 nm Ni on 10 nm Cr a) as-deposited, and b) annealed 5.5
hours at 4000 C. Bar equals 100 nm. Small dark features in b) are -10 nm Cr grains.
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Figure 22.
Bright field TEM images of 100 nm Ni on 10 nm Cr a) as-deposited, and b) annealed 5.5
hours at 400· C. Bar equals 100 nm. Small dark features in b) are -10 nm Cr grains.
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Figure 23.
Bright field TEM images of 100 nm Ni on 10 nm Co a) as-deposited, and b) annealed 19
hours at 400· C. Bar equals 100 nm.
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Figure 23.
Bright field TEM images of 100 nm Ni on 10 nm Co a) as-deposited, and b) annealed 19
hours at 400' C. Bar equals 100 nm.
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Microdiffraction was used to determine whether the large gains in the NiJCr sample
exhibited a uniform fiber texturing, which might explain the rapid growth of a few selected
grains having low energy orientations. However, a sampling of many large grains showed
no consistent crystallographic orientation. Several <HXh zone axis patterns (ZAP) were
noted as well as some <111> and <110> ZAP. In addition, many "randomly" oriented grains
had no identifiable ZAP when the beam direction was perpendicular to the plane of the film.
Selected area diffraction of the NiJCr sample after 5.5 hours anneal, in which the BF image
clearly showed impingement of the large grains and no small grains present, no preferred
fiber texturing was detectable [Fig. 24].
The reason for bimodal grain size is difficult to explain, as the SEDSGG model
requires a preferred lower-surface-energy orientation as the driving force for some grains to
grow rapidly. Observations of thin Au films (5 - 100 nm thick) showed rapid growth of
some grains occurring at room temperature, particularly those with <111> texturing, with
the ultimate size increasing with film thickness [26]. Surface energy minimization through
the growth of lower surface energy grains was presumed to be the driving force for bi-
modal grain size in these films.
In our study of as-deposited NiJCr films, many of the grains observed did have low
index ZAP parallel to the beam direction and these might represent low energy orientations,
but many more grains had "random" orientations relative to the beam, and this argues
against a low-surface-energy model. Another possible mechanism for bimodality is
variations in grain boundary mobilities resulting in ambient temperature growth of some of
the grains, as has been reported by Gerstman and Birringer [33] and Rundle and Horton
[36], however, this mechanism is not well understood. A third possible mechanism is that
of some grain boundaries becoming unpinned from solute or particle drag and suddenly
"breaking away," free to grow more rapidly than the rest of the still pinned grains [16].
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Figure 24.
Selected area diffraction pattern for annealed 100 nm Ni on 10 nm Cr showing random
orientation.
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Figure 24.
Selected area diffraction pattem for annealed 100 nm Ni on lO nm Cr showing random
orientation.
ss
However, this usually occurs at higher driving forces than would be expected at ambient
temperatures.
The Ni on Co sample exhibited further complications. While it also showed
bimodal grain size in the as-deposited state, after as long as 19 hours of annealing the large
grains had not grown to impingement. A significant number of small grains remained with
some virtually unchanged in size with a minimum grain size of 7 nm for as-deposited, and
9 nm for the annealed sample. In this case, the early growth of a few grains may again be
due to anisotropic grain boundary mobilities, after which a different driving force for grain
growth was operative resulting in a somewhat "normal" grain growth, modified by that
presence of a few large grains which had no growth advantage. Since the mean grain size
was still less than the film thickness after 19 hours of annealing, some type of inhibition to
grain growth probably was in effect, perhaps solute drag due to Co diffusing in the grain
boundaries. However, the data are simply too limited to venture any confident guesses as
to the grain growth mechanism for this case.
4.4. NiFe
The 25 nm NiFe on 10 nm Ag sample was annealed for 18 hours at 4500 C. The
increase in mean grain size was from 13 nm for as-deposited to 36 nm for annealed [Fig.
25]. The grain size distribution remained log-normal for both, and normal grain growth
was assumed to have taken place. The rate of grain growth was difficult to determine from
just two data points (as-deposited and one anneal), but a mean grain size of 1.4 h after 18
hours annealing may represent an inhibited grain growth mechanism. As rapid diffusion of
Ag through NiFe has been reported [49], it is possible that solute drag due to Ag in the
grain boundaries affected grain growth in this sample.
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Figure 25.
Bright field TEM images of25 nm NiFe on 10 nm Ag a) as-deposited, and b) annealed 18
hours at 450· C. Bar equals 100 nm.
57
Figure 25.
Bright field TEM images of25 nm NiFe on 10 nm Ag a) as-deposited, and b) annealed 18
hours at 450 0 C. Bar equals 100 nm.
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5. CONCLUSIONS
We have developed and employed a method for accurately quantifying grain size
distributions in thin films of Ni, NiFe, and CoPt. The method has been equally successful
in thin (10 nm) and thick (180 nm) films, in single element (Ni) and alloys (CoPt, NiFe),
and in single layer (CoPt) and bilayer (NilCr, etc.) films.
The results obtained show that, while many mechanisms of grain growth are in
common with that of single layer pure element films reported in the literature, significant
deviations from these models occur in alloy and bilayer thin films. We have seen that
underlayers with high diffusivity can slow normal grain growth, as was observed for Ni on
Ta and may have occurred with Ni on Cu. Samples of Ni on Co and Cr show abnormally
rapid grain growth of a few grains. Although the reasons for this were not clearly
.,
determinable from these data, anisotropic grain boundary energy may have caused
abnormal grain growth.
The results obtained from the co-deposited CoPt + ZrOx clearly show that the
presence of a second phase inhibits grain growth. This effect is much more pronounced in
the case of co-deposited phases than for the bilayer samples due to the interpenetrating
nature of the two phases.
Finally, the CoPt samples showed grain growth stagnation in the lower anneal
temperature range (550· - 60<YC). Grain growth continued beyond stagnation in the higher
anneal temperature samples (650· and 700·C), but the SEDSGG model did not appear to fit
the observations. Instead, other driving forces for growth may have been at work, such as
the loss of advantage by most grains having similar low energy orientations, or the
presence of both ordered and disordered phases in the grains.
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6. FUTURE WORK
The method for measuring grain size in this work has proved to be viable and
should be applied in detailed studies of grain growth in thin films. The seminal work done
in this study would benefit from being divided into several separate projects. A suggested
division would be studies of: bilayer grain growth; alloy grain growth; and co-deposited
grain growth.
In order to get the most benefit from these studies, a series of films annealed
isothermally for selected fixed times should be repeated for a number of anneal
temperatures, In this way a complete picture of grain growth kinetics can be built up.
These results could be compared to the models for single element single layer films, and the
models broadened accordingly.
In situ studies done by heating the sample while observing in the TEM microscope
would be of interest to the scientist as a means for elucidating grain growth mechanisms.
These would be of lesser value than ex situ anneals to the engineer, who desires to
understand how typical manufacturing processes affect grain growth. Thus both kinds of
studies are warranted. In addition, the issues arising from the disorder-order transition in
CoPt, and its effect on material properties and grain growth kinetics could also be the
subject of future study. If the effect of ordering and grain growth could be separately
measured, a fuller picture of the kinetics involved will result. As investigations such as this
one which fully quantify thin film grain growth are still few, there are many opportunities
for future study.
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